We are preparing for an ultra-high resolution x-ray spectroscopy of kaonic atoms using an x-ray spectrometer based on an array of superconducting transition-edge-sensor microcalorimeters developed by NIST. The instrument has excellent energy resolutions of 2 -3 eV (FWHM) at 6 keV and a large collecting area of about 20 mm 2 . This will open new door to investigate kaon-nucleus strong interaction and provide new accurate charged-kaon mass value.
by the strong force as a shift from that given only by the electromagnetic interaction, and a broadening due to absorption of the hadron by the nucleus. The shift and width can be experimentally extracted from characteristic x-ray-emission spectroscopy of the hadronic-atom x-rays feeding the low-lying state. This offers a unique opportunity to investigate the strong interaction between hadron and nucleus (or nucleon) at the low energy limit which is unobtainable in typical scattering experiments.
Anti-kaon K, namely K − or K 0 , is the lightest hadron containing a strange valence quark. The low-energy KN system has attracted attention as a testing ground for chiral SU(3) dynamics in low-energy QCD and the role of the interplay between spontaneous and explicit chiral symmetry breaking due to the relatively large mass of the strange quark.
In the simplest kaonic atom, i.e., kaonic hydrogen (K − p), the 1s-atomic-state shift and width deduced from the spectroscopy of 2p-1s transition of the K − p atom x-rays at ∼6.5 keV are directly related to the real and imaginary parts of the complex K − p S-wave scattering length. Therefore the data have been intensively collected so far 1, 2, 3 . The results indicate that KN interaction in low energy is strongly attractive, which leads to particular interests in the depth of the real K − -nucleus potential at zero energy in connection with possible kaon condensation in astrophysical scenarios (e.g., neutron star) and the possible existence of "deeply-bound nuclear K − states".
Many experiments have collected data on a variety of targets other than kaonic hydrogen atom so far 4 . Despite of the fact most of theories reproduce the data 4, 5 , there has been a conflict in the potential depth between phenomenological potentials and potentials constructed from more fundamental approaches. The former are typically 180 MeV deep, whereas the latter are less than 50 MeV deep. Apart from kaonic-atom experiments, a lot of experimental search for the deeply-bound nuclear K − states have been performed in a past decade; however, only a small amount of information is available 6, 7 , which is not sufficient to discriminate between a variety of conflicting interpretations.
Recently, the kaonic-helium atom (K − -He) has attracted interest in connection with the theoretical predictions 8, 9 that a large shift and width of the 2p level may appear near the resonance between atomic and nuclear poles, which is closely related to the existence of deeply bound nuclear K − states. A recent calculation 9 shows the shift and width as a function of the real part (U 0 ) of the potential depth at a certain coupled potential depth (U coupl =120 MeV) with the different values for K − -3 He and K − - 4 He atoms as shown in Fig.1 . The calculation was based on the coupled-channel approach between the KN channel and the Σ π decay channel. A large shift of |ε 2p | ∼ 10 eV and width of |Γ 2p | ∼ 20 eV are predicted for K − - 4 He when the potential depth is at around ∼ 200 MeV, whereas most of theoretical calculations predict smaller values, e.g., ε 2p ∼ -0.2 eV and Γ 2p ∼ 2 eV 8 . Measurements of 3d-2p transitions in K − -3 He (6.2 keV) and K − -4 He (6.5 keV) have been performed so far with the conventional semiconductor spectrometers having the FWHM energy resolution of typically ∼ 200 eV at 6 keV 11, 12, 13 , which is insufficient to see such a small spectral effects due to the strong interaction. 
A proposed experiment
Aiming at a breakthrough to the current situation, we are planning to perform ultra-high-resolution x-ray spectroscopy of kaonic atoms using an array of NIST's transition-edge-sensor (TES) microcalorimeters having a FWHM energy resolution of 2 -3 eV at 6 keV, being two order of magnitude improved resolution compared with the conventional semiconductor detector. The TES is a thermal sensor that measures an energy deposition by the increase of resistance of a superconducting film biased within the superconducting-to-normal transition. The detailed working principles and the recent progress of the NIST's TES system are described in Refs. 14, 15 . A preliminary result of a recent test measurement shows an excellent FWHM time resolution of ∼ 0.5 µsec as well. Now we are preparing another test measurement at a hadron beamline to evaluate an in-beam performance of the x-ray spectrometer.
We plan to use a NIST-designed 160 pixel TES array each having 350 µm square collecting area per pixel, being ∼20 mm 2 in total, together with a timedivision SQUID multiplexer readout system. For the cryostat, we utilize a pulsetube adiabatic demagnetization refrigerator (ADR) developed by NIST and HPD, 102 DENALI 16 , whose base temperature is 50 mK. The size of this system is 33 cm × 22 cm × 66 cm tall which is relatively portable and compact. The portability is essential for our experiment constrained by very limited and busy beam time.
The experiment will be performed at a kaon beamline at J-PARC hadron hall, e.g., K1.8BR beamline 17 . Kaons are produced by bombarding the production target (Ni, Ag or Pt) with the primary proton beam from J-PARC 50 GeV proton synchrotron, and extracted through the kaon beamline. The kaonic-helium atoms are created by stopping kaons in a helium target. pion contamination, tracked by a high-rate beamline drift chamber and stopped inside the liquid-helium target. To ensure that kaons are stopped in the target, an anti-coincidence counter is installed just downstream side of the target. X-rays emitted from the K − -He atoms are detected by a TES spectrometer viewing the target from a side.
The main trigger will be defined by the beamline counters to identify incoming kaons and the anti-coincidence counter to ensure stopped kaons in the target. X-ray signals of TES are coincident with the trigger to reduce accidental backgrounds. Fig.3 is a result of a GEANT4 simulation where K − -4 He 3d-2p x-rays are measured by different two x-ray detectors. One is a typical conventional silicon drift detector used in the previous experiments 11,12,13 having a 400-µm-thick active layer with 100 mm 2 collecting area and 190 eV (FWHM) energy resolution. The other is a TES spectrometer having 5-µm-thick Bi absorbers with 20 mm 2 collecting area and 5 eV (FWHM) energy resolution.
In the previous experiment 11 , there has been a non-negligible effect of spectral distortion due to Compton scattering in the liquid 4 He target. As shown in Fig.3 , the effect is completely separated from the distinct x-ray peak measured by TES. Although the other experiments 12,13 utilised a gaseous helium target so as to reduce the effect, we can now use a liquid helium target to efficiently stop kaons without suffering the Compton scattering problem.
A lot of fluorescence x-rays (e.g., Fe K α1 6.40 keV, Fe K α2 6.39 keV and Mn K β 6.49 keV) and kaonic x-rays other than K − -He x-rays were possible serious background sources in the past experiments. In reversal, these are rather useful as good calibration lines in the proposed measurement with a TES spectrometer. The precise energy calibration is essential in such a high resolution measurement; and thus we will carefully select our calibration sources of the fluorescence x-rays whose energies, width and satellite peaks are well known. Moreover a simultaneous measurement of 3d-2p x-rays in K − -4 He (6.5 keV) and K − -3 He (6.2 keV) atoms with a mixed liquid 3 He and 4 He target is possible, which will drastically reduces the systematic errors of relative x-ray energies and widths for both atoms.
Referring the yield of K − -4 He 3d-2p x-rays obtained in the previous experiment 11 , the yield was roughly estimated to be about 30 events per day assuming that the J-PARC K1.8BR beamline is employed with an operational proton beam power of 60 kW. Four-days data acquisition will give about 120 events resulting in a statistical error of 0.1 eV in x-ray energy, assuming 2 -3 eV (FWHM) energy resolution without background. Thus, we could obtain more than one order of magnitude improved statistical errors of the x-ray energy and the width values compared to the previous experiments with a reasonable data acquisition time.
As well as K − -He atoms, there is another theoretical suggestion of a precise measurement of 3d-2p x-rays in K − - 6 Li and K − -7 Li (∼ 15 keV), whose result has a possibility to discriminate between deep (phenomenological) or shallow (chiral) potentials 18 . Moreover there are other remarkable studies using ultrahigh-resolution kaonic x-ray spectroscopies with TES spectrometers we intend to perform as follows:
1. Charged kaon mass measurement: Kaonic-atom x-ray spectroscopy has been also utilized as a tool for measuring the charged kaon mass. The latest value is determined by the average of the six measurements to be 493.677 ± 0.013 MeV (S=2.4) 19 . This relatively large error mainly comes from two data whose central values differ vastly about 60 keV; thus a new accurate measurement has been eagerly awaited. We aim to improve the precision of this mass measurement with a high-precision measurement of K − -12 C 5-4 x-ray (∼ 10 keV). The precision is expected to be ∼ 2.5 keV corresponding to the accuracy of ∼ 0.05 eV for the x-ray energy.
2. Study of K − multi-nucleon absorption process: Recent theoretical studies of strong interaction effects in kaonic atoms suggest that analysing so-called 'lower' and 'upper' levels in the same atom could separate one-nucleon absorption from multinucleon processes 20 . For this study, direct measurements of upper level widths in addition to lower level widths are essential for mediumweight and heavy kaonic atoms (100 -450 keV x-rays) whose candidates were examined recently 21 . The measurements will be performed in future with a gamma-ray TES spectrometer similar to what NIST has already achieved, having a 256 pixel array resulting in 5 cm 2 collecting area and an averaged FWHM energy resolution of 53 eV at 100 keV 15 .
Conclusions
We are preparing a next-generation kaonic-atom x-ray spectroscopy using an x-ray spectrometer based on an array of superconducting TES microcalorimeters developed by NIST. Precise measurements of 3d-2p x-rays in kaonic-helium atoms (∼ 6 keV) and kaonic-lithium atoms (∼ 15 keV) with two order of magnitude improved energy resolution compared with the conventional silicon detectors will enable us to see small spectral effects due to the strong interaction. This will add a fresh dimension to the study of the depth of the real K − -nucleus potential at zero energy in connection with the existence of deeply-bound nuclear K − states. Additionally, we intend to improve the precision of the charged kaon mass measurement with high-precision measurement of K − -12 C 5-4 x-ray (∼ 10 keV), and study the K − multi-nucleon absorption process in future with direct measurements of upper level widths in medium-weight and heavy kaonic atoms using a multipixel TES spectrometer with a useable dynamic range above 400 keV.
